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It has been demonstrated that lung cancers, specifi-
cally a subset of pulmonary adenocarcinomas, with
epidermal growth factor receptor (EGFR) mutation
are highly sensitive to EGFR-targeted drugs. There-
fore, a rapid, sensitive assay for mutation detection
using routine pathological specimens is demanded in
clinical practice to predict the response. We therefore
developed a new assay for detecting EGFR mutation
using only a paraffin section of a small biopsy speci-
men. The method was very sensitive, detecting as few
as 5% cancer cells in a background of normal cells,
the results usually being obtained within 4 hours.
Furthermore, it was accurate, as shown by the high
concordance with reverse transcriptase-polymerase
chain reaction-coupled direct sequencing (186 of 195,
95%). The practical application of this assay to 29
cases treated with gefitinib resulted in a high predic-
tion rate: 10 of the 11 responders were shown to be
positive for the mutation, and all patients with pro-
gressive disease were negative. In addition, a muta-
tion at codon 790, conferring gefitinib resistance, was
successfully analyzed in a similar manner. In conclu-
sion, the assay is a rapid, sensitive method using
paraffin sections of biopsy specimens without a tu-
mor cell-enrichment procedure and is quite useful to
select a treatment of choice in clinical practice. (J
Mol Diagn 2006, 8:335–341; DOI: 10.2353/jmoldx.2006.050104)

During the last decade, small molecules that inhibit re-
ceptor protein kinase activity have been developed.1 Ge-
fitinib is one such drug that targets epidermal growth
factor receptor (EGFR) kinase. The EGFR, also known as
HER1 or ErbB, is a 170-kd receptor tyrosine kinase (TK)
that dimerizes and phosphorylates several tyrosine resi-
dues on the binding of several specific ligands.2,3 These
phosphorylated tyrosines serve as binding sites for sev-
eral signal transducers that initiate multiple signaling
pathways, resulting in cell proliferation, migration and

metastasis, evasion of apoptosis, or angiogenesis,
through Ras-Raf-MEK-ERK, phosphatidylinositol-3 ki-
nase-AKT, and PAK-JNKK-JNK pathways. EGFR is ex-
pressed in more than 80% of non-small-cell lung cancers
(NSCLCs), in addition to a wide range of epithelial can-
cers. However, clinical trials have shown significant vari-
ability in response to gefitinib: 10 to 20% of patients
respond to gefitinib treatment, and in some patients, the
response is dramatic, whereas the remaining patients
show no response. Although further analysis has re-
vealed some prevalence in responders, no definite de-
terminant of the response has been established.

Recently, it has been reported that EGFR somatic mu-
tation can be identified in a subset of pulmonary adeno-
carcinomas and that tumors with EGFR mutations are
highly sensitive to gefitinib.4,5 This correlation has subse-
quently been confirmed by our group and others,6–9 and
thus the development of a rapid and sensitive assay to
predict gefitinib response by means of the presence or
absence of the mutation is demanded clinically. Paraffin
sections are a convenient source for such an assay in
practice, but most studies using immunohistochemistry
failed to predict the response.10–12

In this study, we introduce a practical approach using
a rapid screening assay of EGFR mutation to predict
gefitinib response. This method uses only a single paraf-
fin section of a small biopsy specimen and does not
require a tumor cell-enrichment procedure. The result is
usually obtained within 4 hours and can be applied to a
large number of samples.

Materials and Methods

Patients and Tissues

A series of 195 NSCLCs, in which the mutational status of
the EGFR-TK domain with both reverse transcriptase-
polymerase chain reaction (RT-PCR)-coupled direct se-
quencing and the new assay presented here was acces-
sible, was used for this study. Some of the mutational
results by RT-PCR-coupled direct sequencing have been
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reported previously.13 DNA for the new assay was pre-
pared from a section of tissue microarray blotted with
0.6-mm tissue cores of the 195 cases. To examine a
correlation with the clinical response evaluated accord-
ing to the guidelines of Response Evaluation Criteria in
Solid Tumors (RECIST), a paraffin section of each biopsy
specimen was examined for EGFR mutation in 29 pa-
tients treated with gefitinib because of the failure of first or
second line therapy. To analyze the codon 790 mutation,
which has been reported in association with acquired
resistance to gefitinib treatment, four tissues were exam-
ined. One, reported as a rare case, was shown to have
T790M, independent of gefitinib treatment.13,14 The other
three presented with a recurrent tumor after gefitinib
treatment, and the recurrent tumor and corresponding
initial tumor tissue were examined. Appropriate approval
was obtained from the institutional review committee in
addition to written informed consent from the patients.

Mutation Assay by RT-PCR-Coupled Direct
Sequencing

Frozen tissue from the tumor specimens was grossly
dissected to pass as many tumor cells as possible into
the extraction solution (at least 25% of tumor cell con-
tent), followed by the extraction of total RNA with an
RNeasy kit (Qiagen, Valencia, CA). For RT-PCR-coupled
direct sequencing, the EGFR tyrosine kinase domain
(exon 18 to 24) was amplified, and then the products
were directly sequenced with an ABI PRISM 310 Genetic
Analyzer (Applied Biosystems, Foster City, CA). The
primer set used was described previously.13

DNA Extraction from Paraffin-Embedded
Tissues

Tumor cell-rich area in a hematoxylin and eosin-stained
section was marked under a microscope, and tissues
were scratched from the area of another deparaffinized
unstained section. Pieces of the scratched tissue were
incubated with 1� PCR buffer containing 100 �g/ml pro-
teinase K for 1 hour at 54°C. After heat inactivation with
95°C for 3 minutes, the solution was directly used for
template DNA for the assay.

EGFR Mutation Detection

To detect the point mutations at codons 858 and 790 of
the EGFR gene, we used the cycleave PCR technique.
This technique is based on a chimeric DNA-RNA-DNA
probe labeled with a fluorescent dye and quencher at
each end. The RNA sequence of the probes corre-
sponds to that of the wild type and point mutation
labeled with FMA and ROX, respectively. When mutant
molecules are present in the sample and PCR-ampli-
fied DNA generates a complete hybrid with the RNA
portion of the mutant probe, RNase-H digests the
probe at the RNA-DNA heteroduplex into two pieces,
leading to a significant increase in fluorescence inten-

sity by separation of the fluorescent dye from the
quencher. The intensity of the wild-type probe served
as an internal control for the assay. This assay was
performed using a cycleave PCR core kit (TAKARA,
Co., Ltd., Ohtsu, Japan), and sequences of the primer
set and the probes were as follows: PCR forward
primer for L858R, 5�-AGGAACGTACTGGTGAAAAC-3�;
PCR reverse primer for L858R, 5�-TCCCTGGTGTCAG-
GAAAATG-3�; wild-type probe for L858R, 5� FAM-CCA
U CCCAAAAT-Eclipse 3�; probe for L858R mutation,
5� FAM-CCCGCCCAAAAT-Eclipse 3�; PCR forward
primer for T790M, 5�-ATCTGCCTCACCTCCAC-3�; PCR
reverse primer for T790M, 5�-CAATATTGTCTTTGTGTTC-
3�; wild-type probe for T790M, 5� FAM-TGCGTGATGAG-
Eclipse 3�; probe for T790M mutation, 5� FAM-TGCATGAT-
GAG-Eclipse 3� (italics represent RNA). Fluorescent signals
were quantified with a Smart Cycler system (SC-100;
Cepheid, Sunnyvale, CA).

To detect the deletion in exon 19 of the EGFR gene,
common fragment analysis was used. Sample DNA was
amplified with an FAM-labeled primer set as follows: for-
ward, 5� FAM-TCACAATTGCCAGTTAACGTCT-3�, and
reverse, 5�-CAGCAAAGCAGAAACTCACATC-3�. PCR
products were electrophoresed on an ABI PRISM 310.
When a deletion mutation was present, PCR amplified the
shorter segment of DNA, creating a new peak in an
electropherogram.

Sensitivity Assay

In the preliminary examination, we prepared a mutation-
positive control DNA, which contained exactly one-half
each of wild-type and mutant molecules. According to
the mixture ratio, the mutation-positive control DNA was
mixed up with normal DNA, the concentration of which
was equal to that of the mutation-positive control DNA.
Therefore, 5% of tumor cells corresponded to 2.5% of
mutant molecules in background of wild-type molecule.
Using these mixtures of DNA, we examined the sensitivity
of the assays (deletion of exon 19 and point mutation of
L858R and T790M).

Statistical Analysis

The �2 test and Fisher’s exact test for independence
compared incidences of EGFR mutation, using SYS-
TAT software (SYSTAT Software Inc., Richmond, CA).
A P value below 0.05 was considered statistically
significant.

Results

Sensitivity of the New Assay

It is known that mutations in the EGFR tyrosine kinase
domain are restricted to four exons, and the results of
previous reports4,5,8,9,13,15 revealed that the deletion in
exon 19 and the point mutation of codon 858 in exon 21
covers about 90% of cases with EGFR-TK mutation. We
therefore established assays using fragment analysis for
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the deletion and cycleave real-time PCR for the point
mutation of codon 858. The positive detection of mutated
molecules makes this assay very sensitive, as shown in
Figure 1. As few as �5% of tumor cells could be detected
in this assay.

Specificity of the New Assay and Concordance
with Direct Sequencing

We evaluated the concordance of results between the
new assay and conventional direct sequencing using 195
NSCLCs. The results are summarized in Table 1. Overall
concordance was 186 of 195 (95%). When we excluded
the seven evaluation cases, which were mutated in re-
gions other than the targets of this assay, 99% of cases
were concordant. In one case, mutation was only de-
tected with the new assay, whereas one case was neg-
ative for mutation with the new assay but positive with
direct sequencing. This disagreement resulted from the
different tumor cell population in the samples examined.
In the preliminary examination, at least 25% of tumor cells
were required for detection of the gene mutation by direct
sequencing (data not shown). Although tumor tissues in
this analysis were dissected to contain more than 25% of
tumor cells from most frozen sections, this case con-
tained around 25% tumor cells, on the threshold of that

detectable by the sequencing approach. In contrast, the
paraffin section used for the new assay was rich in tumor
cells. This difference in tumor cell content between frozen
and paraffin sections may be the cause of the discrep-
ancy. We confirmed this result by direct sequencing of
the frozen section, using DNA microdissected with a
laser capture microdissection system.

Practical Application for the Prediction of
Gefitinib Response

To confirm whether the new assay is useful for the pre-
diction of gefitinib response in clinical practice, we ap-
plied the assay to 29 gefitinib-treated cases whose re-
sponse had been evaluated according to RECIST. A
paraffin section of the large tumor tissue, which had been
surgically resected a few years before relapse, was used
in seven cases, whereas DNA was extracted from a
paraffin section of transbronchial biopsy or computer
tomography-assisted fine needle biopsy in 20 cases (Fig-
ure 2). Partial response was achieved in 11 cases; all but
one were positive for the mutation, whereas five cases
with progressive disease were negative with this assay
(Table 2). EGFR mutation was detected in only 2 of 13
cases evaluated as stable disease. The correlation be-

Figure 1. Sensitivity of the new assay. A: The sensitivity of the fragment analysis in the new assay. As few as 5% of tumor cells with the deletion could be detected.
In the top of B, a brief explanation of the cycleave technology is displayed. Using this technique, as few as 5% of tumor cells with point mutation at codon 858
could be detected (bottom of B).
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tween EGFR mutation and gefitinib response was highly
significant (P � 0.0001).

All of the 12 EGFR-mutated specimens were also ex-
amined by direct sequencing. In seven cases, identical
results were obtained with both methods, whereas back-
ground noise prevented us from evaluating the results in
the other five cases, all of which were small biopsy spec-
imens. This may not indicate a lack of confirmation but
rather suggests the superiority of this new assay, consid-
ering the good correlation of this result with clinical re-
sponse and with the results obtained with direct se-
quencing using sufficient amounts of surgical tissue.

Detection of Mutation at Codon 790 Conferring
Acquired Resistance to Gefitinib

Recently, it has been reported that a second mutation, at
codon 790, was associated with acquired resistance to
gefitinib.16,17 On very rare occasions, the mutation was
also detected independently of gefitinib treatment.13,14

An assay for this mutation, using cycleave PCR, was
similarly established (Table 3). In this assay, as few as
5% of tumor cells could be detected, as shown in Figure
3. A rare case, whose tumor was known to have T790M

Table 1. Comparison of Results between the Conventional and New Assays

New assay

Direct sequencing Wild type Mutation at codon 858 Deletion at exon 19
Wild type 116 1 0
Point mutation at codon 858 0 32 0
Deletion at exon 19 1 0 38
Point mutation at codon 719 3 0 0
Insertion at exon 20 3 0 0
Point mutation at codon 742 1 0 0

Figure 2. A representative result of the new assay. DNA was extracted from a paraffin section of the biopsy followed by simultaneous analysis using cycleave
real-time PCR and fragment analysis. The entire procedure was completed within 4 hours. In this case, point mutation at codon 858 was detected, and the patient
responded to gefitinib therapy.
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Figure 3. Detection of acquired mutation at codon 790. A: The sensitivity of this cycleave assay for T790M mutation. As few as 5% of tumor cells with T790M
mutation could be detected. A representative result of acquired mutation at codon 790 after gefitinib treatment is displayed in B (Table 3, case 2). In contrast to
the 15-bp deletion in exon 19 of the EGFR gene in both primary and recurrent tumors, T790M was detected only in the recurrent tumor, suggesting acquired
mutation after gefitinib treatment. The result of the cycleave method was more obvious than that with direct sequencing.
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mutation independently of gefitinib treatment,16,17 was
also positive in this assay. In one of the other three
recurrent tumors, this assay clearly demonstrated the
mutation (Figure 3), although it was often difficult to de-
tect the mutated signal with direct sequencing of the PCR
product.

Discussion

Paez et al5 and Lynch et al4 simultaneously published the
result that somatic mutation of EGFR in lung adenocarci-
noma predicts a clinical response to gefitinib. Erlotinib is
another targeted small-molecule inhibitor of EGFR, and
lung adenocarcinoma sensitive to erlotinib also harbored
EGFR mutations. In addition, in vitro studies support the
observation that EGFR mutations make tumor cells sig-
nificantly sensitive to gefitinib18 and erlotinib. This in-
creased sensitivity may be explained by the “addiction to
oncogene” hypothesis proposed by Weinstein.19 Tumor
cells with EGFR mutation are highly dependent on the
activated EGFR pathway and are thus very susceptible to
inhibition of this dependence. We have reported that
patients with EGFR mutations survived longer than those
without mutations after the initiation of gefitinib treat-
ment.7 Recently, failure to show a survival benefit in the
IRESSA Survival Evaluation in Lung Cancer was an-
nounced. Gefitinib may not be effective enough to kill
tumor cells that are not under a state of “addiction to
EGFR mutation.” Conversely, these findings suggest that
selection of patients with EGFR-mutated tumors has the
advantage of increasing the response rate of EGFR-tar-
geted therapy. Furthermore, selection may also be effi-
cient at preventing serious interstitial pneumonia occur-
ring as a side effect.20

Although an assay using paraffin sections is very prac-
tical, immunohistochemical analysis of the tumors failed
to predict the response. Currently, the microdissection of

tumor cells and direct sequencing of PCR products is
commonly used as a standard method. Regarding prac-
tical applications, the new assay reported here provides
two benefits compared with the conventional method.
First, microdissection is not necessary for the assay be-
cause a positive mutated signal makes this assay very
sensitive. Second, this assay is rapid, does not require a
purification step, and is usually completed within 4 hours:
digestion with proteinase K for 1 hour, real-time PCR or
regular PCR for 3 hours, and electrophoresis for 1 hour. In
addition to paraffin sections, pleural effusion and speci-
mens for fine needle aspiration cytology can be used. All
three specimens of pleural effusion for the T790M cy-
cleave assay were successfully analyzed, whereas direct
sequencing occasionally resulted in an ambiguous result
(Figure 3). The main targets for gefitinib or erlotinib ther-
apy are recurrent and refractory tumors, and an assay
using such specimens is therefore quite useful. However,
the examination of limited regions of the EGFR gene
appears to be a disadvantage of this study. Recent stud-
ies suggested that an insertion of exon 20 was shown to
be resistant to EGFR inhibitors25, whereas the gefitinib
sensitivity of cells expressing the G719S mutant was
significantly less than that of cells expressing the L858R
mutant form26. Therefore, these results suggest that ex-
amination of the L858R mutation and deletion in exon 19
is reasonable, because these two mutations are likely to
be a major target of the EGFR inhibitors.

A few approaches for the detection of EGFR mutation
have been reported recently.21–23 Comparing the assays,
the advantage of the method presented here is its prac-
tical clinical use. Biopsy specimens frequently result in
small, fragmented tissues containing only a few cancer
cells. Using such biopsy specimens, the assay success-
fully demonstrated the EGFR mutations that correlate with
gefitinib response, in contrast to failure of the direct se-
quencing of some biopsy specimens. Furthermore, the
cycleave technique can be simultaneously applied for
the detection of the K-ras mutation, which has been pro-
posed to be an adverse prognostic marker for chemo-
therapy with erlotinib.24

In summary, we have introduced a new practical ap-
proach for the detection of EGFR mutations. This assay is
very sensitive and useful for predicting gefitinib re-
sponse. This rapid screening assay uses paraffin sec-
tions from biopsy without the need for a microdissection

Table 2. Practical Application of the New Assay

Clinical response

EGFR status PD NC PR
Wild type 5 11 1
Mutated 0 2 10

Deletion in exon 19 0 2 5
Point mutation of codon 858 0 0 5

PD, progressive disease; NC, no change; PR, partial response.

Table 3. Detection of T790M Mutation Associated with Acquired Resistance to Gefitinib

Patient
Gefitinib

treatment
Tissue

examined
T790M

mutation Comments

Case 1* No Primary tumor Yes A rare case, harboring T790M mutation independent
of gefitinib treatment

Case 2 Yes Pleural effusion Yes 15-bp deletion of exon 19 in the primary and recurrent
cancers (Figure 3)

Case 3 Yes Pleural effusion No 9-bp deletion of exon 19 in the primary and recurrent
cancers

Case 4 Yes Pleural effusion No 15-bp deletion of exon 19 in the primary and recurrent
cancers

*The mutation of codon 790 in a primary cancer, which was demonstrated with RT-PCR direct sequencing, has been reported previously.
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procedure and has significant advantages over other
methods.
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